Glial cell line-derived neurotrophic factor (GdnF) is critical for the proliferation of spermatogonial stem cells (SScs), but the underlying mechanisms remain poorly understood. in this study, an unbiased metabolomic analysis was performed to examine the metabolic modifications in SSCs following GdnF deprivation, and 11 metabolites were observed to decrease while three increased. of the 11 decreased metabolites identified, glycylglycine was observed to significantly rescue the proliferation of the impaired SScs, while no such effect was observed by adding sorbitol. However, the expression of self-renewal genes, including B-cell cll/lymphoma 6 member B, eTS variant 5, GdnF family receptor α1 and early growth response protein 4 remained unaltered following glycylglycine treatment. This finding suggests that although glycylglycine serves an important role in the proliferation of SScs, it is not required for the self-renewal of SScs.
Introduction
Spermatogenesis is a complex developmental process that has spermatogonial stem cells (SScs) at its foundation. The SScs niche is in the basal compartment of the seminiferous tubules. SScs undergo spermatogenesis to produce spermatozoa. Self-renewal and the potential to differentiate are two properties that distinguish stem cells from somatic cells, and SScs are the only germline stem cells that can undergo self-renewal division (1) . The balance between proliferation and differentiation is therefore essential to the normal function of SScs and to maintain male fertility (2) .
Glial cell line-derived neurotrophic factor (GdnF) is secreted by Sertoli cells, and is an important factor in the cell fate determination of SScs, which was identified in the year 2000 (3) . While GDNF +/− mice have depleted stem cell reserves (3) , the overexpression of GdnF results in the accumulation of undifferentiated spermatogonia and in the development of testicular tumors (4) , indicating that the right concentration of GdnF is critical for the proliferation of SSCs (5) . Although GDNF has no significant effect on the activity of SScs at concentrations in the range 1-100 ng/ml, GDNF at concentrations <1 ng/ml is insufficient to maintain the proliferation of SScs in vitro over a period of 7 days (6) . However, the mechanisms underlying the GdnF-dependent proliferation of SScs remain elusive.
Metabolomics is the study of the final products of gene expression and, as a high-throughput analysis, is considered to be more reflective of the biological phenotype compared to genomic, transcriptomic and proteomic studies (7) . Thus, metabolomics may be particularly well-suited to detect the dynamic modifications that occur during complex biological processes. Metabolomics has been used in the discovery of small molecules that are potential biomarkers of self-renewal (8) , reprogramming (9) and differentiation (10) , and it has also been previously used to reveal metabolic mechanisms related to spermatogenesis (11, 12) .
in the present study, metabolomics was used to evaluate the alterations in SScs metabolites, including glycylglycine and sorbitol, following GdnF deprivation, in order to elucidate the underlying mechanisms of GdnF-dependent proliferation.
Materials and methods
Chemicals and reagents. The following chemicals and reagents were purchased from the respective chemical suppliers: Glycylglycine (cat. no. G1002; purity ≥99%; Sigma-aldrich;
Merck KGaa, darmstadt, Germany); sorbitol (cat. no. S6021; purity ≥98%; Sigma-aldrich; Merck KGaa); Trizol ® (invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, uSa); the cell counting Kit-8 (ccK-8) assay kit (Beyotime institute of Biotechnology, Haimen, china); and the cdna Synthesis kit and SYBr ® Green Master Mix kit (Takara Bio, inc., otsu, Japan). The cell light™ edu kit (cat. no. c10310) was purchased from Guangzhou riboBio co., ltd. (Guangzhou, china).
SSCs culture. SScs were cultured in vitro following a previously described protocol (13) , and the cells were characterized as in a previous study (14) . all experiments involving mice were approved by the institutional animal care and use committee of nanjing Medical university (iacuc:1601247). The primary cells were isolated from 6-8 day old male c57Bl/6 mice obtained from nanjing Medical university. The mice were housed in groups in a polypropylene cages at 21±2˚C, a humidity of 50±10% and a 12 h light/dark cycle (lights on at 7:00 a.m.), and THY1-positive cells were enriched using magnetic-activated cell separation (Miltenyi Biotech GmbH, Bergisch Gladbach, Germany). cells were plated at a density of 1.5-2.0x10 5 cells/well on 12-well plates coated with mitotically inactivated SiM mouse embryo-derived thioguanine-and ouabain-resistant feeder layers (cat. no. SnlP76/7-4; american Type culture collection, Manassas, Va, uSa). long-term cultures of SScs were supported in serum-free Minimum essential Medium-α (Thermo Fisher Scientific, inc.) and supplied with 20 ng/ml GdnF (r&d Systems china co., ltd., Shanghai, china), 1 ng/ml basic fibroblast growth factor 2 (Bd Biosciences, San Jose, ca, uSa), and 150 ng/ml GdnF family receptor α1 (GFra1; r&d Systems china co., ltd.). in addition, 2 mM l-glutamine (Thermo Fisher Scientific, Inc.), 2% bovine serum albumin, 10 µg/ml transferrin, 50 µM free fatty acid mixture (5.6 mM linolenic acid, 13.4 mM oleic acid, 2.8 mM palmitoleic acid, 35.6 mM linoleic acid, 31 mM palmitic acid, 76.9 mM stearic acid;), 30 nM na 2 Seo 3 , 50 µM 2-mercaptoethanol, 5 µg/ml insulin, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid and 60 µM putrescine, all purchased from Sigma-Aldrich; Merck KGaa, were added to the medium. cells were maintained in a humidified atmosphere at 5% CO 2 and 37˚C. The medium was replaced every 2 days and cells were passaged every 5-6 days. For GdnF deprivation, the concentration of GdnF was reduced to 0.1 ng/ml for 12 h or 24 h when SSCs were ~50% confluent. For the rescue assay, two doses (1 and 10 µM) of each metabolite (glycylglycine and sorbitol) were chosen for optimization (according to http://www.hmdb. ca/metabolites/HMdB0000247). Given results from preliminary studies on the rescue effect, and the glycylglycine and sorbitol level in the body, 10 µM was selected for used in the subsequent experiments. after 5 days of treatment, the SScs were imaged using a light microscope.
Metabolomic analysis. The SScs sample preparation for metabolomic analysis was conducted according to a previous approach (8) . Briefly, treated SSCs were washed five times with ice cold PBS, and ~6x10 5 SScs/group were collected. Following the addition of 0.3 ml 50% methanol with internal standard, the cells were harvested by pipetting. cells were sonicated for 3 min (frequency, 20 kHz; power, 60%; pulses, 6/4) and centrifuged at 16,099 x g at 4˚C for 15 min to remove cellular debris. The supernatant was subjected to metabolomic analysis. Quality control (Qc) samples were prepared by mixing equal volumes of each SScs sample.
The metabolomic analysis was performed on an ultiMate™ 3000 ultra high-performance liquid chromatography system (dionex; Thermo Fisher Scientific, inc.), coupled to an orbitrap high-resolution mass spectrometer (Thermo Fisher Scientific, Inc.) in both positive and negative modes simultaneously (15) . The detailed operating procedures was conducted according to a previous study (16) . Through this approach, >70% of differential metabolites observed in the QC sample had a percent relative standard deviation (%RSD) of <30%, and the internal standard had a %RSD of <20%, indicating the reliability of the metabolomic analysis (17) .
Cell viability assay and proliferation. cellular viability was evaluated using the ccK-8 Kit. cells were plated at a density of 1.5x10 4 cells/well in 96-well plates and incubated overnight (37˚C, 5% CO 2 ). The SScs treatment groups were: complete medium; GdnF deprivation; GdnF deprivation with glycylglycine rescue; and GdnF deprivation with sorbitol rescue. on the 2nd, 3rd, 4 and 5th days, 10 µl CCK-8 solution was added to each well, and the cells were incubated for 2 h at 37˚C in 5% co 2 . The medium was replaced every 2 days. The absorbance was determined using a TECAN infinite M200 plate reader (Tecan Group, ltd., Mannedorf, Switzerland) at 450 nm.
The cell light™ edu kit was used to assess SScs proliferation. SScs (~8x10 3 cells/well) were seeded in a 96-well plate and treated for 5 days as aforementioned. EdU (25 µM) was added to the culture medium for an additional 10 h. The cells were fixed with 4% formaldehyde for 30 min at room temperature and neutralized using glycine (2 mg/ml) for 10 min at room temperature, according to the manufacturer's instructions. Then the cells were permeabilized using 0.5% Triton X-100 in PBS for 20 min, and staining with Hoechst 33342 was performed. cell images and data were automatically obtained using High content Screening (HcS; cellomics ArrayScan VTI HCS Reader; Thermo Fisher Scientific, Inc.). Appropriate filter sets for the detection of two fluorophores were used, and different fluorescent signals were recorded in two different image collection channels. channel 1 contained the blue nuclear images; channel 2 contained the red images indicating where edu was incorporated and which cells were proliferating. For each treatment, three independent wells were measured. The x20 objective was used to collect images, and 48 fields/well were imaged. The analysis was performed after 5 days using the Thermo Scientific HCS Studio Cell Analysis Software 3.0 (Thermo Fisher Scientific, Inc.).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay of mRNA levels of self-renewal genes.
Total rna was isolated from SScs using Trizol ® and the concentration was determined using a nanodrop 2,000 (Thermo Fisher Scientific, inc., Wilmington, de, uSa). Total RNA (1 µg) was used to synthesize cDNA using the following temperature protocol: 37˚C for 15 min and 85˚C for 5 sec. The mrna levels of self-renewal genes, namely B-cell cll/lymphoma 6 member B (Bcl6b), eTS variant 5 (Etv5), Gfra1 and early growth response protein 4 (Egr4) were analyzed using the SYBr ® Green Master Mix kit, according to the manufacturer's instructions. GAPDH was used as a reference gene. Primer sequences synthesized by invitrogen 
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Bcl6b, B-cell cll/lymphoma 6 member B; Etv5, eTS variant 5; Egr4, early growth response protein 4; Gfra1, GdnF family receptor α1. Data analysis. For the metabolomics analysis, the data were imported into SiMca-P software (Version 13.0; umetrics; Sartorius aG, Göttingen, Germany) and were unit variance-scaled and auto log-transformed where appropriate. orthogonal partial least square discriminate analysis (oPlS-da) was applied to quantitatively assess the metabolites produced by the experimental and control treatments. The metabolites were subsequently indexed by their variable importance in projection (ViP). data were validated using the leave one out cross-validation method and the quality of model was assessed by r2 and Q2 scores (18) . The statistical significance of metabolites identified by OPLS-DA was then calculated via Student's t-test. ViP>1 and P<0.05 were considered to indicate a statistically significant difference in metabolite production (19) . The 2 -ΔΔcq method was used to analyze the results of the rT-qPcr (20) . differences among all the treatment groups and the control group were determined by one-way analysis of variance, followed by dunnett's multiple comparison test. all the statistical analyses were performed using Stata 9.2 (Statacorp lP, college Station, TX, uSa) and presented with GraphPad Prism 5 software (GraphPad Software, inc., la Jolla, ca, uSa). all analyses were two-sided and date are presented as the mean ± Sd. P<0.05 was considered to indicate statistically significant difference.
Results

Metabolic modifications after GDNF deprivation.
The oPlS-da model demonstrated that GdnF deprivation for 12 or 24 h resulted in a distinct metabolic profile compared to the control (R2Y=99.4%, Q2=71.5% and R2Y=99.0%, Q2=53.0%, respectively; Fig. 1a and B . r2Y indicates the quality of fit, with an R2Y of 1 indicating a perfect description of the data by the model. Q2 indicates the predictive ability of the model, with a Q2 of 1 indicating complete predictability. a total of 103 metabolites had decreased and 7 had increased (ViP>1 and P<0.05) after 12 h of GdnF deprivation (Table ii) . after 24 h of GdnF deprivation the majority of those metabolites were restored to normal levels, and only a total of 17 metabolites were decreased (Fig. 1c ) and 4 were increased ( Fig. 1d; Table iii ). a comparison of these two lists demonstrated that there were 14 overlapping metabolites. among these, based on the metabolic information in the HMdB database, glycylglycine and sorbitol were found to be the two most significantly decreased metabolites following GdnF deprivation. Therefore, the effects of glycylglycine and sorbitol on the proliferation of SScs were further assessed. Glycylglycine rescues the GDNF-deprivation-induced inhibition of SSCs proliferation. The effects of glycylglycine and sorbitol on the proliferation of SScs were investigated using a ccK-8 and an edu assay. SScs were cultured in either complete medium or media without GdnF, and treated with either glycylglycine or sorbitol. after 5 days of treatment, the SScs were imaged using a light microscope (Fig. 2a) .
The ccK-8 assay demonstrated that the viability of SScs decreased significantly after GDNF deprivation. The addition of glycylglycine partially rescued the viability of the SScs to levels similar to those observed in SScs cultured in complete media, while sorbitol treatment failed to rescue their viability (Fig. 2B) . Similar results were obtained with the edu assay ( Fig. 2c and d) .
mRNA levels of self-renewal genes (Bcl6b, Etv5, Gfra1 and Egr4) remain unaltered following rescue with glycylglycine. The effects of glycylglycine and sorbitol on the expression of SScs self-renewal genes was assessed via rT-qPcr analysis of Bcl6b, Etv5, Gfra1 and Egr4. The results demonstrated that GdnF deprivation downregulated the expression of the self-renewal genes of SScs, and the addition of either glycylglycine or sorbitol did not restore the expression of these genes to normal levels ( Fig. 2e ).
Discussion
SScs are responsible for accurately maintaining and transmitting parental genetic information (21) . The proliferation and self-renewal of SScs are precisely regulated by intrinsic and extrinsic signals (22) . it is well known that GdnF serves a crucial role in regulating the proliferation of SScs, and that the GdnF concentration is important for maintaining the function of SScs (23) . The present study demonstrated that GdnF deprivation decreased the viability of SScs, and that this decrease in viability may be rescued by the addition of glycylglycine. Glycylglycine is a dipeptide of glycine, which is the simplest amino acid. Glycine, a nonessential amino acid, is involved in the production of dna, phospholipids and collagen, as well as the release of energy (24) . it has also been demonstrated that glycine serves a key role in cell proliferation, potentially through the action of modifying enzymes (25, 26) . The synthesizing enzymes serine hydroxymethyltransferase, cytosolic, serine hydroxymethyltransferase, mitochondrial, c-1-tetrahydrofolate synthase, cytoplasmic, and monofunctional c1-tetrahydrofolate synthase, mitochondrial are responsible for glycine synthesis (27) . Glycylglycine, which is used as a buffer, is a starting template for the preparation of more complex peptides and a substrate for the enzyme glycylglycine dipeptidase (28) . Glycylglycine has been utilized in the purification and characterization of a fructose-6-phosphate aldolase from Escherichia coli and in the characterization of a poly(l-malate) hydrolase from a strain of Comamonas acidovorans (29, 30) . Glycylglycine has also been used in a [35S] guanosine triphosphate-γ-S binding assay to measure the functional coupling of G proteins with receptors (31) . Sorbitol is a sugar alcohol that is gradually metabolized by the human body (32) . Previous studies reported that sorbitol promotes proliferation in various cell types (33, 34) . However, the results of the present study indicated that glycylglycine, rather than sorbitol, may be a crucial molecule in the GdnF-dependent proliferation of SScs.
GdnF-induced cell signaling also serves a central role in the self-renewal of SScs (21) . Previous studies demonstrated that GdnF regulates self-renewal through different signaling pathways, including but not limited to ras/extracellular signal-regulated kinases 1/2 (35), mitogen-activated protein 2 kinase 1 (36) and phosphatidylinositol-4,5-bisphosphate 3-kinase/protein kinase B (37) . Meanwhile, a number of GdnF-associated genes, including Gfra1, Bcl6b and Etv5, have all been determined to be involved in the self-renewal of SScs (36, 38) . The present study demonstrated that GdnF deprivation downregulated the expression of these self-renewal genes in cultured SScs, and that the addition of glycylglycine or sorbitol did not rescue their expression. unlike what was observed in the proliferation of SScs, these data suggested that glycylglycine is not involved in the self-renewal of SScs.
although there are various shared factors and pathways, the proliferation and self-renewal of SScs are regulated differently (39) . Proliferation is an important feature of life that contributes to development and growth via division. The self-renewal of SScs is a unique form of cell division in which SScs proliferate and differentiate. This process requires control of the cell cycle and maintenance of the undifferentiated state (40) .
in conclusion, through unbiased metabolomic analyses, the present study identified that the production of glycylglycine and sorbitol were significantly altered following GDNF deprivation. While the addition of glycylglycine restored the impaired proliferation of SScs, the addition of sorbitol had no effect, which suggests that glycylglycine serves an important role in the proliferation of SScs. This study also provided novel insights into the mechanism underlying the proliferation of SScs.
